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Introduction
Historically, the urban acoustics literature has been predominantly concerned with noise levels in city street canyons, which has led to the creation of many models that adequately describe portions of the urban noise field and can be used to explore methods of noise abatement (1) (2) (3) (4) . Many of the current models used only treat a two-dimensional slice of the urban environment (5, 6) with good results. An example of a three-dimensional model that does treat sound propagation in an urban area, a linearised Euler model by Heimann, must contend with long computation times (7), as might be expected due to the complexity of urban terrain. While all of these models can effectively predict the noise distribution in an urban area, there is a need for theoretical efforts to produce propagation models for urban areas that can accurately predict the amplitude and phase of a signature as it travels through an urban area. To support this effort, fundamental cases of urban acoustics are being explored (8, 9) in an attempt to characterize the dominant effects that adequately reproduce the sound field when modeling the complex urban environment and, thus, decrease the calculation time of future models. While a great deal of literature deals with highway noise barriers (10, 11) and some on small free-standing walls (12) , a gap exists between barriers and street canyons. Single buildings have received little attention. This report presents some of the results of the second phase of an experimental and theoretical effort to characterize fundamental cases of urban acoustics. Phase I of the study focused on monitoring sound propagating around an isolated, single-story, gabled-roofed building of construction typical of North American suburban and rural housing (8) . This second phase expands upon the first by studying a three-story, semi-isolated building of construction typical of urban industrial areas, i.e., the building is constructed of cinder blocks and reinforced concrete and has multiple large protruding facets.
Section 2 briefly describes the experimental configuration and procedures used in the second phase of the effort. Section 3 presents a short analysis of selected experimental results and compares the results to common acoustic diffraction models. Section 4 offers some concluding remarks. Figure 1a shows a photograph of the building used during this phase of the study. The photograph was taken from the northeast to best show the complicated structure of the north and east façades. The south and west façades are shown in figure 1b. The building was three stories high and constructed from concrete slabs and cinder blocks. Here, the building is defined as semi-isolated, which means that other buildings or other vertical reflecting surfaces are at minimum 30 m away from the building under study; see figure 1c where the Phase II structure is in the center of the light rectangular area near the center of the photograph. This allows most, if not all, reflections from nearby structures to be gated out during analysis of the data. Window and door openings were partially covered by steel doors that remained closed throughout the testing. However, the partial covering created the possibility of direct sound paths from the source through the building to the microphones. The rough dimensions of the building, used in modeling (see section 3), are a length of 19.13 m, a width of 10.69 m, and a height of 9.45 m. These dimensions correspond to a rectangular parallelepiped that encompasses the largest external dimensions of the building but does not include structures such as balconies and external staircases. A photograph of the building used in Phase I (8) is shown in figure 2 . Comparing figures 1 and 2, it is clear that the structure chosen for Phase II is significantly more complex in its shape and environment than the building used during Phase I. The experimental configuration used in this phase of the work was very similar to the configuration used in Phase I in that the microphones were placed near the ground at each façade of the building and on the roof. Near-ground microphones (three per façade) during the Phase I experiment were linearly arrayed perpendicular to each façade and parallel to the ground.
Experimental Configuration
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Another linear array of three microphones projected vertically from the center of the ridge of the roof, figure 2. In Phase I, a sixteenth microphone between the building and the source was used as a reference. Temperature and wind sensors were co-located with the near-ground linear arrays. This configuration allowed the sound field to be sufficiently sampled as the sound interacted with the building (8) . The Phase II building, being a much larger and more complex structure than that of Phase I, required that the complexity of the experimental configuration be increased to sufficiently instrument the structure.
While the Phase I site could be sufficiently instrumented with 16 sensors, it was deemed necessary to double the number of sensors for Phase II. These 32 sensors were placed in a fashion similar to that described above. Near the ground, at each façade, three microphones were linearly arrayed at 5 cm, 1.05 m, and 2.05 m from the wall and at heights listed in table A-1. A fourth microphone at each façade was placed approximately 1 to 1.7 m beyond the 2.05 m microphone. The four microphones at each façade were arrayed, as above, perpendicular to the wall. A temperature probe and an ultrasonic anemometer were placed below and above, respectively, the microphone at 1.05 m. The near-ground microphones were numbered such that the lowest number in a set of four was closest to the wall. Microphones 1−4 were at the south façade, 5−8 were at the east façade, 9−12 were at the north façade, and 13−16 were at the west façade, figure 3 and table A-1.
The remaining 16 microphones were placed at various positions around the roof and around the upper portion of each façade. As with the near-ground microphones, each façade had a set of four microphones. In this instance, however, two microphones were placed approximately 2/3 up the height of each façade and two microphones were placed on the roof. The microphones mounted up the wall (17, 18, 21, 22, 25, 26, 29, and 30) were mounted in a linear array perpendicular to the wall and separated from the wall by 75 cm and 1.5 m. with the lowest numbered microphones closest to the wall. Of the remaining eight microphones on the roof (19, 20, 23, 24, 27, 28, 31, and 32), four were at each façade edge and four were inset from the edges, with the lower number near the edge. Thus, microphones 17-20 were at the south façade, 21-24 at the east façade, 25-28 at the north façade, and 29-32 at the west façade. All microphone signals were band pass filtered from 25 Hz to 3.8 kHz.
Two sources were used during testing. These were a propane cannon and a loudspeaker broadcasting random noise that was band limited from 0 to 4 kHz with a 5 Hz frequency resolution. Each source was placed in four positions: normal to the south façade; 22.5° incidence to the south façade; 22.5° incidence to the east façade; normal to the east façade, figure 3 . Table  A-2 lists the coordinates, relative to the same origin as the microphones, and the name of each source position. The height column in table A-2 lists the height of the propane cannon muzzle and the height to the center of the loudspeaker separated by a slash.
Results and Analysis
Because the building used in Phase II of the study is semi-isolated and is larger and more structured than the building used during Phase I (compare figures 1 and 2) , the acoustic signatures collected around the Phase II site are expected to exhibit increased complexity over similar signatures collected around the Phase I site. This is apparent in figure 4 , which shows a time trace from each experiment using the propane cannon as the source. The microphone, during each experiment, was placed 5 cm from the façade on the side of the building in the acoustic shadow. In figure 4 , the source was normal to the wall opposite the microphone. Each time trace in figure 4 has been normalized by its own maximum value and each trace has been artificially offset from zero to avoid confusion. The assumed start of the first diffracted arrival in each time trace has been marked in the figure. If the traces are compared, it is clear that the Phase II trace is more complex than the Phase I trace. It is of note that the highest amplitude arrival in the Phase II trace occurs well after the first significant increase above the background (indicated by bracket in the figure) . This bracketed portion of the trace is assumed to be transmission through the building because window and door openings, as mentioned in the previous section, were not completely covered (i.e., roughly 5 cm gaps below doors). This assumption is further supported by the shorter path lengths through, rather than around, the building and the reduced amplitude that might be expected due to a smaller percentage of sound entering the building. Reflections and diffractions within the structure also have an effect on the sound coming through the building. Based upon calculated path lengths, the late arrivals, at approximately 0.25 s, in the Phase II trace are reflections from the structures surrounding the building under study, figure 1c. These reflections are time-windowed out during subsequent analysis. Analysis of the Phase I data showed that, in cases of near-normal incidence, the sound propagated behind the building could be reasonably described by diffraction models commonly used with sound propagation over highway noise barriers (8, 9) . The models used during the Phase I analysis were the Pierce model and the Biot-Tolstoy-Medwin (BTM) model. The Pierce model calculates the pressure diffracted behind barriers in the frequency domain and is able to be easily modified to include atmospheric absorption and the effects of ground reflections. The BTM model is a time domain diffraction calculation based upon the Huygens principle. In the BTM model, a propagating impulse, upon encountering an edge, generates an infinite number of secondary sources distributed evenly along the edge. The outputs of these secondary sources are then summed to calculate the pressure at a receiver. The procedure is repeated on subsequent diffracting edges. Both models, having been designed for use in predicting the sound pressure behind a barrier of finite width, are capable, without any modification, of accurately predicting the pressure diffracted beyond a maximum of two edges. Since both models were used unaltered with respect to the number of diffracting edges, features of a building beyond roof edges and corners are neglected in the analysis, e.g., in Phase I, the gabled entry of the building (figure 2) and diffraction over the eave closest to the source were neglected. In Phase II, all of the external structure of the façades, the external staircase, and the rubbish container ( figure 1a and 1b) were neglected because neither model, in its unaltered form, is capable of handling the multiple diffractions caused by the façade structure of the Phase II building.
Phase I
Phase II start reflection through building diffracted arrivals Figures 5 and 6 show the Pierce and BTM models applied to some of the microphone data collected in the acoustic shadow of the Phase II building. It should be noted that, especially when the time trace in figure 4 is considered, that it is not clear where the diffracted arrivals occur in the Phase II data. Therefore, the assumption has been made that the beginning of the largest amplitude increase above the background, indicated by arrow in figure 4 , corresponds to the arrival of the first diffracted impulse. The start of the last diffracted arrival is then calculated and an additional 120 samples is then added to the delay between the first and last diffracted arrivals to fix the end of the time window, see the bracketed diffracted arrivals in figure 4 . The final diffracted arrival is calculated based upon approximating the building as a rectangular parallelepiped, which is required by the two models being used in the analysis (8, 9) . The additional 120 samples added to the delay is a rough approximation to the length of the diffracted impulse. Throughout the model calculations the ground and the building are assumed rigid. In addition, the sound speed has been calculated assuming dry air and using the wind speed and direction. Temperatures were roughly 11 °C and wind speeds were 3 to 4 m/s out of the south. Because the structure of the building is complicated and because it is not absolutely clear where to fix the time window in all cases, reflections and other unwanted information, in terms of the diffraction models being used, can potentially be included in the windowed data. This can lead to large discrepancies between the models and the data selected for analysis. This is apparent in figures 5 and 6, where the agreement between models and measurements is quite poor. Measurements in figures 5 and 6 have been normalized by the total field at a reference microphone on the source façade of the building and the model calculations have been normalized by a calculated total field using the same source microphone separation as in the experiment. The total field is the sum of a direct path and a ground reflected path from the source to the reference microphone. Because Phase I showed that the Pierce and BTM models acceptably modeled the diffracted sound in cases of near-normal incidence, the presentation here is restricted to only normal incidence cases. With the exception of figure 5d , the model calculations tend to accurately reproduce, in frequency, the minimum near 50 Hz in each plot. This might be anticipated since 50 Hz is less likely to be affected by the smaller scale structure of the building. It should also be noted that, especially in figure 5a and 5b, the agreement between the models and the measurements rapidly degrades as the frequency increases. This degradation can be attributed to a combination of windowing errors, corruption of the windowed data by sound passing through the building, and proximity of the microphone to the building. Especially in the case of microphone 9 (5 cm from the façade, figure 5a), the sound diffracted around the northeast corner of the building will interact with the smaller structures between the corner and the microphone, figure 1a. Microphone 10, figure 5b, was 1.05 m from the façade and, thus, we might expect the agreement between the model and the measurement to improve. No improvement is observed until figure 5c is examined. In figure 5c , the models do not accurately reproduce the magnitude of the curve but they do tend to reproduce the frequency positions of some of the minima in the measurement implying that the smaller structures on the building have less of an effect on the propagating sound. However, in figure 5d , the measurement at microphone 12, 3 m from the building, does not agree with the models at all. This microphone, while it was 3 m away from the façade, was also more than a meter below the other microphones due to the geometry of the stairway on which microphone 12 rested, figure 1a. The observed spectrum in figure 5d is likely due to a different set of diffracting edges from those that influenced the spectra in Figure 6 shows three more examples of normal incidence data compared to the Pierce and BTM models. Figure 6a and 6b depict spectra measured at microphones 14 and 29, respectively, due to normal incidence on the east façade of the building during SL2E. As in figure 5 , the models tend to reproduce the measurements at the lowest frequencies, presumably due to reasons similar to the above. Further, paths around the north façade of the building pass at least six vertical edges, each one of which contributes to the diffracted pressure to create the complex structure of the measured curves. Figure 6c shows the spectrum due to normal incidence on the south façade, SL1S, as measured by microphone 27 positioned above the north edge of the roof. The positioning of microphone 27 forces the pressure received by the microphone to be diffracted by only the south edge of the roof (during SL1S and SL2S). In this case, the interference minimum at approximately 625 Hz is predicted well in frequency, but the models do not predict the overall level of the measured curve.
Concluding Remarks
Acoustic impulse propagation in the vicinity of a large semi-isolated building demonstrates an expected increase in complexity over similar measurements conducted around a small isolated building. Diffraction is the dominant process in both experiments, however, measured data in the acoustic shadow of the large building show features likely due to the surrounding environment, to small scale facets of the façades, and to open paths through the interior of the building. Models that showed limited success in reproducing measured spectra in the acoustic shadow of a small, isolated building fail to reproduce all but the lowest frequency information in the measured spectra in the shadow of a large semi-isolated building of increased architectural complexity. Higher frequencies agree poorly with the measured data presumably due to the significant number of diffracting edges and reflecting surfaces present on the façades of the building. The implication of the poor model performance is that the models used should be heavily modified or abandoned in favor of a more comprehensive calculation.
Appendix. Source and Sensor Positions
Contained in this appendix are tables listing the microphone (Table A-1) and source (Table A-2) positions during the experiment. All coordinates are relative to the center of the building at ground level. Distances listed in Table A -1 are relative to the closest building surface (wall or roof). 
